ABSTRACT: Top-down proteomics offers the potential for full protein characterization, but many challenges remain for this approach, including efficient protein separations and effective fragmentation of intact proteins. Capillary zone electrophoresis (CZE) has shown great potential for separation of intact proteins, especially for differentially modified proteoforms of the same gene product. To date, however, CZE has been used only with collisionbased fragmentation methods. Here we report the first implementation of electron transfer dissociation (ETD) with online CZE separations for top-down proteomics, analyzing a mixture of four standard proteins and a complex protein mixture from the Mycobacterium marinum bacterial secretome. Using a multipurpose dissociation cell on an Orbitrap Elite system, we demonstrate that CZE is fully compatible with ETD as well as higher energy collisional dissociation (HCD), and that the two complementary fragmentation methods can be used in tandem on the electrophoretic time scale for improved protein characterization. Furthermore, we show that activated ion electron transfer dissociation (AI-ETD), a recently introduced method for enhanced ETD fragmentation, provides useful performance with CZE separations to greatly increase protein characterization. When combined with HCD, AI-ETD improved the protein sequence coverage by more than 200% for proteins from both standard and complex mixtures, highlighting the benefits electron-driven dissociation methods can add to CZE separations.
C apillary zone electrophoresis (CZE)
1−4 has emerged as a potential alternative to traditional reversed-phase liquid chromatography (RPLC), especially for front-end separations of proteins in top-down proteomic experiments. Separation based on mass-to-charge (m/z) rather than hydrophobic interactions lends high resolving power to CZE to separate for the diversity of proteoforms seen in a protein mixture, because proteins with minor sequence variations or posttranslational modifications (PTMs) often have similar hydrophobicities but different m/z values. Beyond offering an orthogonal dimension of separation to RPLC, CZE can be directly interfaced with mass spectrometers via electrospray ionization (ESI), making it a useful tool for time-and costefficient online separations. Indeed, CZE has been employed to analyze antibody variants, 5 single protein proteoforms, 6 and even complex biological samples, 7, 8 although advancements must still be made to address the inherent challenges of CZE-ESI integration. To improve CZE sensitivity, we recently developed an electrokinetically pumped sheath-flow nanospray CE-MS interface. This interface has been effective for various bottom-up proteomics experiments, 9−17 and we have also illustrated its value for top-down proteomics with both standard proteins mixtures 18 and complex protein samples derived from the Mycobacterium marinum bacterial secretome. 19 Even as CZE technology rapidly improves for proteomic applications, this separation technique has yet to capitalize on the advantages of electron-driven dissociation, remaining onedimensional in its exclusive use of canonical collision-based dissociation methods for protein characterization. 20−22 Electron-driven dissociation methods, e.g., electron capture dissociation (ECD) 23 and electron transfer dissociation (ETD), 24, 25 have been a significant boon to intact protein analysis over the past 15 years, providing extensive cleavage of peptide and protein backbone bonds. These dissociation methods leverage electron rearrangements driven by capture of free, low-energy electrons (ECD) or transfer of an electron from radical reagent anions (ETD) to generate sequenceinformative c-and z-type fragment ions. Both ECD and ETD retain labile PTMs and promote backbone bond cleavage largely independent of amino acid sequence, addressing several limitations intrinsic to the threshold-type dissociation mechanism of collision-based methods like collisionally activated dissociation (CAD) 26−29 and higher-energy collisional dissociation (HCD). 30, 31 The transferability of ETD to any mass spectrometry platform with an rf trapping device has made it especially valuable as top-down proteomics continues to advance beyond a few specialized laboratories to more ubiquitous use in the proteomic community. 32−36 The dependence of electron-driven dissociation efficiency on precursor charge density, however, has diminished the extent at which ETD can robustly fragment peptide and protein precursor cations with low charge density (i.e., higher m/z values). 37−39 As precursor m/z values increase, so increases the likelihood of nondissociative electron transfer (ETnoD), 40 a process in which backbone bond cleavage occurs but the fragment ions remain bound together by noncovalent interactions. ETnoD reduces precursor-to-product ion conversion, limiting the sequence information gleaned from an ETD MS/MS event. The secondary gas-phase structure responsible for ETnoD can be disrupted through addition of supplemental energy through resonant excitation, photoactivation, and elevated temperatures (collectively termed "activated ion" techniques), effectively increasing product ion yield. Inspired by successes of activated ion ECD (AI-ECD) methods 41−45 that mitigate nondissociative electron capture events using a variety of strategies, we and others have developed tools to increase peptide identifications with ETD using collisional activation of electron transfer products 46, 47 as well as concurrent infrared photoactivation during ETD reactions. 48−50 The latter of these techniques, termed activated ion ETD (AI-ETD), has shown the greatest potential for increasing sequence-informative product ion generation because it not only minimizes problematic hydrogen abstraction but also incurs no additional time to the MS/MS scan event. Recently, we described the substantial benefits AI-ETD can offer for intact protein characterization, 51 but the boosts provided by AI-ETD have yet to be coupled with online separations for top-down proteomics.
In this work, we present the first study that demonstrates the compatibility of online CZE separations with ETD and AI-ETD methodologies. First, we compare the performance of HCD, conventional ETD, and AI-ETD for CZE-MS/MS experiments to analyze a mixture of four standard proteins, with molecular weights ranging from ∼12 to ∼29 kDa. ETD generated either comparable or greater numbers of matched fragments than HCD for three of the protein standards while maintaining higher spectra quality than HCD for all four proteins. AI-ETD extended the performance of ETD in several cases, generating more matching fragments and higher spectral quality than ETD and HCD. Following these studies, we analyzed complex protein mixtures from the secretome of M. marinum. Here we show that ETD and HCD can be performed in consecutive scans on the electrophoretic time scale, affording more than double the protein sequence coverage achieved with HCD fragmentation alone. Furthermore, AI-ETD outperformed the other fragmentation methods, identifying more proteins than ETD and generating higher quality tandem mass spectra than both ETD and HCD, sometimes accounting for even higher protein sequence coverage than ETD and HCD combined. In addition, the combination of fragments generated from AI-ETD and HCD scans improved sequence coverage by more than 3-fold over HCD alone. This work not only demonstrates the amenability of ion−ion reactions to the electrophoretic time scale, but also illustrates that ETD technology can greatly extend the analytical power CZE provides for the top-down approach. Sample Preparation. A standard protein mixture was prepared by dissolving cytochrome c, myoglobin, carbonic anhydrase and β-casein in 0.08% FA, 20% acetonitrile in water with concentrations of 0.06, 0.06, 0.12, and 0.4 mg/mL, respectively. The culturing of M. marinum and generation of short-term culture filtrates have been described elsewhere. 52 A secreted protein fraction containing approximately 100 μg of protein, as determined by the bicinchoninic acid assay, was purified by ice-cold acetone precipitation and resuspended in 30 μL 30% acetic acid, 30% acetonitrile in water.
■ EXPERIMENTAL SECTION
CZE-ESI-MS/MS Analysis. CZE was coupled to an ETD-enabled Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, San Jose, CA) that included a multipurpose dissociation cell (MDC), permitting HCD, ETD, and AI-ETD to occur all in the same reaction vessel. 51 Electrospray was generated using an electrokinetically pumped sheath flow through a nanospray emitter. 14 The borosilicate glass emitter (1.0 mm o.d. × 0.75 mm i.d., 10 cm length) was pulled with a Sutter instrument P-1000 flaming/brown micropipet puller. The emitter inner diameter was 10−12 μm. Separation was performed in a 50 cm long, 50 μm ID, 150 μm OD LPA-coated fused capillary. The separation buffer was 0.1% (v/v) FA. The electrospray sheath liquid was 10% (v/v) methanol and 0.1% (v/v) FA. About 35 nL of standard protein solution or 70 nL of secretome solution was injected for each experiment. The separation voltages were 26 and 14 kV for standard proteins and secretome, respectively. The inlet ion transfer tube was held at 275°C and the S-lens rf level was set at 60%. Full MS scans were acquired in the Orbitrap over the m/z 500−1500 range with a resolving power of 60,000 at m/z 400. The three most intense peaks with charge state ≥4 were selected in data-dependent fashion for fragmentation. A normalized collision energy of 25 was used for HCD, whereas ETD and AI-ETD reaction times were set to 10 ms and fluoranthene reagent anions were accumulated for 15 ms prior to the ion−ion reactions. During AI-ETD reactions, an external Firestar T-100 Synrad 100-W CO 2 continuous wave laser (Mukilteo, WA) was triggered using instrument firmware and modification to instrument code in conjunction with a gated laser controller. The laser irradiated the trapping volume of the MDC during the entirety of the ETD reaction and 70% total output. For all AI-ETD experiments, the nitrogen pressure in the MDC was lowered to a ΔN 2 pressure of ∼0.1 × 10 −10 Torr, as measured by the Penning gauge in the Orbitrap chamber, to prevent collisional cooling that negates the additional energy supplied by the infrared laser. Gas pressure was left at normal operating levels for HCD and ETD scans to ensure proper collisional dissociation (ΔN 2 of ∼0.3 × 10−10 Torr). Detection for all tandem mass spectra was performed in the Orbitrap with a resolving power of 30 000 at m/z 400. The MS 1 AGC target value was 1 000 000 with a maximum injection time of 100 ms, whereas MS/MS scans have an AGC target value of 500 000 and a maximum injection time of 500 ms. Three microscans were used in both MS and MS/MS scans. An exclusion window of ±10 ppm was constructed around the monoisotopic peak of each selected precursor for 30 s.
Data Analysis. Raw files analyzing the standard protein mixture were first converted to mzXML files with ReAdW (version 4.3.1), whereas raw files from secretome analysis were separated based on a fragmentation method (HCD/ETD) and converted to mzXML files with msConvert. Tandem spectra were then decharged and deisotoped by MS-Deconv (version 0.8.0.7370), 53 followed by database searching with MS-Align+ software (version 0.7.1.7143), 54 using b-and y-type ions for HCD searches and c-and z-type ions for ETD and AI-ETD. A custom database including four model proteins (bovine cytochrome c, equine myoglobin, bovine carbonic anhydrase, and bovine β-casein) was used for standard protein mixture analysis. An NCBI protein database for M. marinum secretome including common contaminates (5583 protein sequences) was used for secretome analysis. The parameters for both database searches included maximum number of modifications (shift number) as 2, mass error tolerance as 10 ppm, "doOneDaltonCorrection" and "doChargeCorrection" as false, "cutoffType" as EVALUE, and cutoff as 0.001. E-value estimates the probability of observing a similar matching by chance in a database of the current size.
■ RESULTS AND DISCUSSION
Benchmarking the Compatibility of Ion−Ion Reactions with CZE-MS/MS. Prior to this study, CZE separations have exclusively employed collision-based fragmentation methods for MS/MS analysis. Given the value of CZE and electron-driven dissociation for intact protein separations and fragmentation, respectively, we recognized the potential such a combination could have for top-down proteomics, presenting herein the first study to couple the two technologies. We first evaluated the performance of ETD on the electrophoretic time scale by analyzing a standard protein mixture, using a CZE-MS/ MS analysis of the same mixture but with HCD fragmentation as a reference point for comparison. This protein mixture contained cytochrome c, myoglobin, carbonic anhydrase, and β-casein, representing the molecular weight range of proteins seen in typical top-down experiments (<30 kDa). Similar to our previous results with CZE separations of a standard protein mixture, all four proteins were nearly baseline resolved, and three peaks were resolved for β-casein, which indicates that at least three proteoforms were separated ( Figure 1, panel A) . ETD MS/MS events typically require slightly longer scan times than HCD analyses to allow for sufficient ETD reaction time. Longer scan times result in fewer tandem mass spectra collected over the migration profile of a given protein, which can challenge the robustness of a top-down experiment. Panel B of Figure 1 shows the number of MS/MS scans that were collected over the migration profile of each of the protein standards. As expected, ETD tandem mass spectra averaged marginally longer scan times than those performed with HCD (1.38 s/scan vs 1.21 s/scan), and fewer MS/MS scans were acquired for most of the proteins. Despite this small drop in scan acquisition, all four proteins were identified with both ETD and HCD.
Knowing that scan speed requirements of ETD provide successful top-down analysis with CZE separations, we also analyzed the standard protein mixture using AI-ETD fragmentation, which also identified all proteins in the mixture. Table 1 summarizes the results achieved with all three fragmentation methods (HCD, ETD, and AI-ETD). The detailed proteoform masses are listed in Table S1 of the Supporting Information. ETD substantially outperformed HCD in product ion generation for the relatively smaller proteins cytochrome c and myoglobin (both <17 kDa), while maintaining comparable production of matching fragments for β-casein (∼24 kDa) and carbonic anhydrase (∼29 kDa). Furthermore, ETD out performed HCD in spectral quality for these standard proteins, producing higher matching percentages (number of matched fragments divided by total number of ions in the spectrum) for all four proteins. This difference is likely explained by the high energy deposition in the HCD process, which often generates ammonia and water neutral losses in addition to a-type ions and low mass internal fragments produced by multiple backbone cleavages (all of which are not included in the MS-Align+ database search). AI-ETD expanded the benefits of ETD even further, generating more matching fragments than ETD for cytochrome C and carbonic anhydrase, and also surpassing the matching percentages (i.e., spectral quality) of both ETD and HCD for three of the four proteins. Fragmentation of β-casein with AI-ETD, however, produced suboptimal results, even though HCD and ETD performed similarly to each other. This may be due to several idiosyncratic characteristics of β-casein, including high levels of phosphorylation (up to five modifications within a 21 residue stretch) and a strikingly proline-rich sequence, both of which can cause unpredicted fragmentation in the presence of IR irradiation. Regardless, these electron-driven dissociation methods provided commensurate, if not superior fragmentation of these four standard proteins compared to HCD. Additionally, AI-ETD often enhanced the results ETD could provide, granted further experiments outside the scope of this study are required to determine the amenability of AI-ETD to proteins with uncommon traits, such as β-casein.
Complementary Fragmentation Methods for TopDown CZE-MS/MS. Practitioners of top-down proteomics often leverage the complementary fragmentation achieved with ETD and HCD to improve protein characterization. When comparing sites of backbone cleavage in the standard protein sequences, relatively few fragmentation sites overlap between ETD and HCD, reflecting the inherent differences in their dissociation mechanisms. The majority of cleavage sites seen with ETD and AI-ETD are the same, unsurprising, as AI-ETD is merely an enhancement of the ETD reaction. Figure 2 highlights the amount overlap (or lack thereof) in fragmentation sites between the three methods, and Figure S1 of the Supporting Information shows sequence maps depicting bond cleavages for the best protein spectral matches (PrSMs) with their tandem MS spectra for each standard protein. Combining the total backbone cleavages achieved separately with HCD and ETD afforded sequence coverage gains of 106% for cytochrome c, 215% for myoglobin, 115% for β-casein, and 72% for carbonic anhydrase over HCD alone ( Figure S2 of the Supporting Information), demonstrating the improvements in protein characterization ETD can provide for current CZE-MS/MS approaches. The protein sequence coverage in this paper is backbone bond coverage, defined as a percentage that represents the number backbone bonds cleaved divided by total number of backbone bonds. AI-ETD further bolstered these gains in protein sequence coverage, as shown in Figure 3 . Cytochrome c achieved near complete coverage across the entire sequence, excluding the region surrounding the heme group binding domain. The combination of AI-ETD/HCD fragments increased sequence coverage of carbonic anhydrase and β-casein by 72% and 60%, respectively. The most remarkable improvement in sequence coverage was achieved with myoglobin, as the combination of AI-ETD and HCD increased sequence coverage greater than 3-fold over fragmentation solely with HCD (from 13% to 40%). HCD has been shown to provide less extensive fragmentation of myoglobin due to preferential cleavages that arise from the protein's globular nature with regions of varying disorder, 55 which suggests that the addition of alternative fragmentation methods like ETD and AI-ETD is crucial for sufficient characterization. Altogether, these improvements in sequence coverage highlight the compatibility of CZE protein separations to novel fragmentation methods like AI-ETD and also demonstrate the extensive protein characterization that can Figure 2 . Overlap of fragmentation sites from AI-ETD and HCD spectra for cytochrome c (A), carbonic anhydrase (B), β-casein (C), and myoglobin (D). be achieved using electron-driven dissociation techniques with online CZE separations. Evaluating the Combination of ETD and HCD for TopDown Proteomics on the M. marinum Secretome. We followed these standard protein studies with by expanding our experimental scope to a more complex, biologically relevant protein mixture derived from the Mycobacterium marinum secretome. This opportunistic pathogen is regularly used as a model system for studying more insidious pathogens like Mycobacterium tuberculosis, which is the causative agent of most cases of tuberculosis. 52,56−58 Virulence of these bacterial species is thought to be a function of secreted proteins, although the exact causes are unknown and remain an area of active research. Additionally, the pool of proteins contained in the M. marinum secretome span a relatively small range of protein molecular weights (<30 kDa), providing an ideal system to use as a test bed for our ETD-enabled CZE-MS/MS platform. 19 Capitalizing on the success we saw above using ETD and HCD as complementary fragmentation techniques, we performed a 60 min CZE separation using the two dissociation methods in tandem. Precursors were selected in data-dependent fashion from a high-resolution MS 1 scan performed in the Orbitrap, followed by three pairs of sequential HCD and ETD tandem mass spectra, for a total of six MS/MS events per cycle. Figure  4 summarizes the results of this analysis, whereas Figure S3 (top) and Table S2 of the Supporting Information provide the base peak electropherogram and identified protein groups, respectively. The proteoforms lists in Tables S2 and S3 of the Supporting Information reflect the database searching results from Ms-Align+ software. However, those proteoforms with ∼1 Da mass difference could be the same protein species, which can results from errors during deconvolution. The total number of proteoforms would be ∼85% of the listed one if those Δ1 Da proteoforms are excluded. Because ETD and HCD generate different product ion types, tandem mass spectra from the two respective dissociation methods were searched separately against a complete M. marinum database using MS-Align+. ETD identified 26 total proteoforms, while HCD performed better, characterizing 36 proteoforms. Altogether, ETD and HCD accounted for 41 proteoforms, corresponding to 21 unique gene products (panel A, Figure 4 ). This analysis produced fewer proteoform identifications but nearly the same number of total gene product identifications as our previous CZE-MS/MS analyses using solely HCD. This reduction in number of identified proteoforms is attributed to the redundant precursor sampling of subsequent HCD and ETD scans, although this sampling did not adversely affect the number gene products characterized.
HCD spectra generally earned better identification scores, i.e., E-values, than ETD spectra (panel B, Figure 4) , although the quality of ETD spectra could be improved in future studies through more judicious selection of ETD reaction parameters, such as reaction duration and reagent anion accumulation time. Regardless, the addition of ETD to the CZE-MS/MS platform still provided considerable advantages. Panel C of Figure 4 displays the gain in percent protein sequence coverage that was contributed by the addition of ETD fragmentation over HCD alone for 16 gene products detected with both methods. This value does not represent a fold-change measurement but rather depicts the raw difference in percent sequence coverage observed. For example, iron-regulated Lsr2 protein (a protein involved in the iron-dependent protein secretion implicated in bacterial virulence, 59 ,60 accession number 183982454) had a sequence coverage of only 15.2% with HCD fragmentation. When fragments generated from HCD were combined with fragments from ETD, this sequence coverage improved to 31.1%, a gain in raw present sequence coverage of ∼16% (corresponding to a more than 2-fold improvement). These results illustrate that ETD can be coupled with HCD in sequential scans on the electrophoretic time scale, improving protein characterization achievable with front-end CZE separations.
Advantages of AI-ETD for Top-Down CZE-MS/MS on Complex Proteins
Mixtures. Spring-boarding from the success of combining subsequent ETD and HCD in a single CZE-MS/MS experiment, we then analyzed the M. marium secretome protein mixture with a combination of AI-ETD and HCD in the same fashion. The CZE separations were highly reproducible ( Figure S3 of the Supporting Information), and many proteins that were detected in the first ETD/HCD analysis (Run 1) were also identified in the AI-ETD/HCD experiment (Run 2), enabling the comparison of ETD, AI-ETD, and HCD for shotgun top-down proteomics. Figure 5 encapsulates these comparisons, showing results for M. marinum protein 10 kDa culture filtrate EsxB_1 (accession number 183980221). This protein is directly connected with M. marinum virulence through involvement in a novel secretion apparatus and is in a family of proteins targeted in current tuberculosis research. 52, 59 Panel A of Figure 5 shows that AI-ETD maintained optimal product ion generation over both ETD and HCD, even as precursor charge density decreased. For the +10 precursor, ETD and AI-ETD both provided complementary fragmentation to HCD (Panel B, Figure 5 ), although AI-ETD substantially increased the number of total fragmentation sites over ETD and HCD alone (54 with AI-ETD vs 19 with ETD, 34 with HCD Run 1, and 35 with HCD Run 2). As described above, the combination of ETD and HCD fragments improved sequence coverage over HCD alone (from ∼35% to ∼48%), but AI-ETD still afforded the highest sequence coverage on its own (∼55%), even over the combination of ETD and HCD (Panels C and D, Figure 5 ).
For a more holistic evaluation of the combination of AI-ETD and HCD in the same experiment, Figure 6 summarizes the results of Run 2 and permits straightforward comparisons to ETD/HCD performance in Run 1. Protein identifications from Run 2 are provided in Table S3 of the Supporting Information. AI-ETD identified more proteoforms (29) than ETD, although the overlap in identifications between AI-ETD and HCD in Run 2 was higher than ETD/HCD overlap seen in Run 1 (Panel A, Figure 6 ). As with the standard protein analysis above, AI-ETD outperformed HCD in spectral quality in Run 2, generally affording better identification scores for proteins across the molecular weight range observed (Panel B, Figure 6 ). AI-ETD also significantly improved the quality of tandem mass spectra acquired over ETD in Run 1, with average E-values of 7.3 × 10 −10 and 1.0 × 10 −4
), respectively, while HCD identifications score remained relatively constant between the two experiments (Run 1 average of 1.4 × 10 −5 and Run 2 average of 4.8 × 10 −6 ). Combining fragments from AI-ETD and HCD typically increased gains in percent protein sequence coverage (Panel C, Figure 6 ) more than the ETD/HCD combinations from Run 1. Panel D of Figure 6 shows the extensive sequence coverage achieved from the AI-ETD/HCD combination for transcription elongation factor GreA (accession number 183984358). Here HCD provided to 19 total fragmentation sites, or 11.65% sequence coverage. The addition of AI-ETD fragments contributed a gain in sequence coverage of over 25%, a more than 3-fold improvement in sequence coverage. These results show that AI-ETD is a robust fragmentation method for improved ETD performance that can be used in top-down experiments on its own or can be complemented by HCD for even further enhancement in protein characterization.
■ CONCLUSIONS
In this study, we have described the first implementation of front-end CZE separations with ETD, leveraging the strengths of both for top-down protein analysis of simple and complex protein mixtures. Furthermore, we have shown that CZE separations are also compatible with novel dissociation techniques like AI-ETD for enhanced intact protein fragmentation, showing the impact AI-ETD can have in improving topdown results. Importantly, we also demonstrate that electrondriven dissociation methods like ETD and AI-ETD can be coupled in tandem with collision-based fragmentation (e.g., HCD) in the same CZE-MS/MS analysis, offering superior protein characterization via complementary fragmentation mechanisms on the electrophoretic time scale. Ultimately, this work highlights the compelling potential electron-driven dissociation methods have for top-down proteomics with CZE separations, opening new possibilities for intact protein analysis.
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